Gemcitabine (difluorodeoxycytidine; dFdCyd) is a potent radiosensitizer, noted for its ability to enhance cytotoxicity with radiation at noncytotoxic concentrations in vitro and subchemotherapeutic doses in patients. Radiosensitization in human tumor cells requires dFdCyd-mediated accumulation of cells in S phase with inhibition of ribonucleotide reductase, resulting in 80% deoxyadenosine triphosphate (dATP) depletion and errors of replication in DNA. Less is known of the role of specific DNA replication and repair pathways in the radiosensitization mechanism. Here the role of homologous recombination (HR) in relationship to the metabolic and cell cycle effects of dFdCyd was investigated using a matched pair of CHO cell lines that are either proficient (AA8 cells) or deficient (irs1SF cells) in HR based on expression of the HR protein XRCC3. The results demonstrated that the characteristics of radiosensitization in the rodent AA8 cells differed significantly from those in human tumor cells. In the AA8 cells, radiosensitization was achieved only under short (4 h) cytotoxic incubations, and S-phase accumulation did not appear to be required for radiosensitization. In contrast, human tumor cell lines were radiosensitized using noncytotoxic concentrations of dFdCyd and required early S-phase accumulation. Studies of the metabolic effects of dFdCyd demonstrated low dFdCyd concentrations did not deplete dATP by 80% in AA8 and irs1SF cells. However, at higher concentrations of dFdCyd, failure to radiosensitize the HRdeficient irs1SF cells could not be explained by a lack of dATP depletion or lack of S-phase accumulation. Thus, these parameters did not correspond to dFdCyd radiosensitization in the CHO cells. To evaluate directly the role of HR in radiosensitization, XRCC3 expression was suppressed in the AA8 cells with a lentiviral-delivered shRNA. Partial XRCC3 suppression significantly decreased radiosensitization [radiation enhancement ratio (RER) ¼ 1.6 6 0.15], compared to nontransduced (RER ¼ 2.7 6 0.27; P ¼ 0.012), and a substantial decrease compared to nonspecific shRNA-transduced (RER ¼ 2.5 6 0.42; P ¼ 0.056) AA8 cells. Although the results support a role for HR in radiosensitization with dFdCyd in CHO cells, the differences in the underlying metabolic and cell cycle characteristics suggest that dFdCyd radiosensitization in the nontumor-derived CHO cells is mechanistically distinct from that in human tumor cells.
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INTRODUCTION
Gemcitabine [2 0 ,2 0 -difluoro-2 0 -deoxycytidine(dFdCyd)] is a nucleoside analog commonly used to treat a wide variety of solid tumors. To achieve its antitumor activity, dFdCyd requires phosphorylation within the tumor cell to reach its active diphosphate (dFdCDP) and triphosphate (dFdCTP) forms. Of these metabolites, dFdCTP accumulates to the highest levels within tumor cells and its incorporation into DNA correlates with cytotoxicity (1). The other active metabolite, dFdCDP, is a mechanismbased inhibitor of ribonucleotide reductase (2, 3), an enzyme that converts ribonucleoside diphosphates to their corresponding deoxyribonucleoside diphosphates, to supply the cell with the deoxynucleoside triphosphates (dNTPs) necessary for DNA synthesis. Inhibition of this enzyme results in decreased dNTPs and inhibition of DNA synthesis (4). In solid tumor cells, the largest decrease is observed in dATP (5).
In addition to its activity as a chemotherapeutic, dFdCyd also produces a synergistic enhancement in tumor cell killing when combined with ionizing radiation (IR) (6). Mechanistic studies in many human tumor cell lines demonstrate that radiosensitization is strongly dependent on the dFdCyd-mediated inhibition of ribonucleotide reductase resulting in 80% depletion of dATP, DNA synthesis inhibition and consequent accumulation of cells in S phase (5, 7-9). Limited replication of DNA with decreased dATP results in replication errors in DNA, which also correlates with radiosensitization (10).
Exposure to radiation produces a variety of types of DNA damage, with DNA double-strand breaks (DSBs) representing the most detrimental lesion. Two mechanisms that have been shown to increase radiosensitization, are either to increase the number of DSBs or to decrease the rate or extent of the repair [reviewed in ref. (6)]. However, neither of these mechanisms accounted for radiosensitization by dFdCyd (11, 12) . Studies in cells proficient or deficient in DSB repair pathways provided some insight into the repair mechanisms involved in radiosensitization with dFdCyd. There are two major pathways that repair DSBs in mammalian cells: 1. nonhomologous end joining (NHEJ), an error-prone pathway that involves ligation of blunt ends resulting in DSB resolution with loss of information; and 2. homologous recombination (HR), which utilizes a homologous template, with preference for a sister chromatid, resulting in virtually error-free DSB repair (13) . Studies of Chinese hamster ovary (CHO) cells that were NHEJ deficient showed that radiosensitization by dFdCyd was still achieved, suggesting NHEJ to be dispensable for radiosensitization by dFdCyd (14) . In contrast, CHO cells that were HR deficient were not radiosensitized, suggesting that HR is important for radiosensitization by dFdCyd in CHO cells (15) . However, radiosensitization was evaluated at only two cytotoxic concentrations of dFdCyd, and effects on dNTPs and cell cycle were not reported. Thus, it is not known whether radiosensitization by dFdCyd in CHO cells is mechanistically similar to that in human tumor cells. The availability of matched HR-proficient and deficient CHO cell lines (versus human cells) makes the rodent lines very useful for studying the role of HR (15) (16) (17) (18) (19) (20) . These cell lines are used routinely to elucidate the mechanism of HR and its role in the sensitivity of cells to drugs or radiation. Here, we have further evaluated the role of HR in radiosensitization of CHO cells by dFdCyd over a broad range of concentrations, with corresponding studies of dFdCyd metabolism and effects on cell cycle distribution. Furthermore, the role of HR was directly evaluated by shRNA suppression of an essential HR protein, XRCC3. The results confirm a role for HR in radiosensitization by dFdCyd in CHO cells, but demonstrate significant mechanistic differences in radiosensitization in CHO cells compared to human tumor cells.
MATERIALS AND METHODS

Cell Lines and Cell Cycle Analysis
The CHO AA8 (HR-proficient) and irs1SF (HR-deficient) cells were grown in MEMa medium (Invitrogene, Carlsbad, CA) with 10% fetal bovine serum (FBS) (Invitrogen), L-glutamine (Fisher Scientific, Boston, MA), and penicillin/streptomycin at 378C, 5% CO 2 . CHO cell doubling time was measured over 72 h. For evaluation of cell cycle progression, CHO cells were harvested, fixed and stained with propidium iodide. Cells were processed and analyzed by flow cytometry as described previously (9).
Cytotoxicity and Radiosensitization
Cell survival was measured using a standard colony formation assay (5). Colonies were allowed to form for 7 days in the AA8 cells and for 12-14 days in the irs1SF cells to accommodate differences in doubling times. Each experiment was performed in triplicate and repeated at least three times. IC 10 and IC 50 values were determined by extrapolation from the best-fit analysis of the dose-response graphs using Prism software (GraphPad, San Diego, CA). For measurement of radiosensitization, cells were incubated with dFdCyd prior to irradiation ( 60 Co Theratron 80, 1-2 Gy/min at room temperature), and then assessed for survival using a colony formation assay. The doseresponse data were fit to a linear-quadratic equation after correction for survival of cells with drug alone. The areas under the resulting survival curves (AUC) were used to calculate the radiation enhancement ratio (RER), defined as the AUC (radiation alone) divided by the AUC (dFdCyd þ IR) (21) . Dose enhancement ratios (DERs) were calculated as the radiation dose producing 50% cell survival with no drug divided by the radiation dose producing 50% cell survival with dFdCyd. The survival curves were also used to determine the surviving fraction at 2 Gy (SF2) and the D-bar values in the absence of drug, both of which are measures of the sensitivity to radiation for each cell line in the absence of drug.
HPLC Analysis of Deoxynucleotides
Cells were harvested and nucleotides extracted with perchloric acid, neutralized and analyzed by anion exchange HPLC (5). The endogenous deoxynucleoside triphosphates (dNTPs) and dFdCTP were detected by ultraviolet (UV) absorbance at 254 and 281 nm, and quantitated by comparison of peak areas to those of known amounts of standards.
shRNA Suppression of XRCC3 Lentiviral plasmids (pLKO-1.puro) containing XRCC3 shRNA target sequences were used to transduce AA8 cells followed by selection with puromycin, as described previously (22) . Cells surviving selection were then transferred to medium without puromycin and expanded. The extent and duration of XRCC3 suppression was measured by Western blot analysis.
Western Blot Analysis
Proteins in cell lysates were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis using a 10% polyacrylamide gel. Separated proteins were transferred to an Immobilon-P membrane and probed with antibodies to XRCC3 (kindly provided by Dr. Patrick Sung, Yale University) or actin (Calbiochem) (22) . Protein bands were visualized using an enhanced chemiluminescence kit (Pierce, Rockford, IL) and quantified using Image-J software (NIH).
RESULTS
Cytotoxicity and Radiosensitization with dFdCyd in CHO Cells
The HR proficient AA8 and HR deficient irs1SF CHO cells displayed some similarity in sensitivity to dFdCyd at several concentrations over a wide range of drug concentrations when incubated for 4 h ( Fig. 1A ; Table 1 ). The irs1SF cells were as expected more sensitive to ionizing radiation than the AA8 cells when radiation sensitivity was measured by SF2 and D-bar values, consistent with their deficiency in the HR required XRCC3 protein ( Fig. 1A ; Table 1 ). Initially we evaluated radiosensitization of AA8 and irs1SF CHO cells with 0.5 and 5 lM dFdCyd, as reported in a previously published article (15) , which decreased cell survival by approximately 70% in both cell lines (Fig. 1A) . When the two cell lines were incubated with these concentrations of dFdCyd for 4 h and then irradiated, radiosensitization was only observed in the HR proficient AA8 cells (Fig. 1B and C), with excellent RERs and DERs ranging from 1.6-2.7 (Table 2 ). In contrast, RERs and DERs were ,1.0 in irs1SF cells at the same concentrations of dFdCyd, indicating a lack of radiosensitization. RERs in AA8 cells were also significantly greater than those in irs1SF cells (P 0.04).
The AA8 cells grew at twice the rate of the irs1SF cells (doubling times of 10 h and 20 h, respectively), and thus the FIG. 1. Cytotoxicity and radiosensitization of AA8 and irs1SF CHO cells with dFdCyd. Panel A: Sensitivity of AA8 (n) and irs1SF (m) cells to dFdCyd was determined after a 4 h drug incubation, and survival was measured by a colony formation assay. Points, means of triplicate determinations 6 SEM. Western blot demonstrates that irs1SF cells were deficient in XRCC3 conferring HR deficiency, whereas XRCC3 is present in AA8 cells. Radiosensitization with dFdCyd was determined in AA8 (panel B) and irs1SF (panel C) cells after incubation with either no drug (n), 0.5 lM (.) or 5 lM (X) dFdCyd for 4 h, followed by irradiation at the indicated doses. Radiosensitization was measured using a colony formation assay with correction for the cytotoxicity of dFdCyd alone, as described in Materials and Methods. Notes. RERs and DERs were determined in AA8 cells and irs1SF cells incubated with either 0.5 or 5 lM dFdCyd for 2 or 4 h as indicated, followed by irradiation. XRCC3 was suppressed by lentivirus-delivered shRNA as described in Materials and Methods, and the effects compared to cells that were either mock infected or transduced with a nonspecific shRNA. Cell survival was measured by a colony formation assay, with RERs and DERs calculated as described in Materials and Methods after correction for the effect of gemcitabine alone on cell survival. AA8 cells were exposed to dFdCyd for a longer percentage of their cell cycle. Because dFdCyd radiosensitization in human tumor cells is dependent on time and extent of dATP depletion (5, 7), we equalized drug exposure according to the percentage of cell doubling time, and thus radiosensitization was also evaluated after a 2 h exposure to 0.5 lM and 5 lM dFdCyd. Significant radiosensitization was still achieved in the AA8 cells, with similar RERs and DERs compared to those obtained after 4 h of incubation (Table  2 ). In contrast, radiosensitization was not observed in irs1SF cells under any of these conditions. While these incubations produced excellent radiosensitization in the AA8 cells, they also resulted in significant cell killing with dFdCyd alone in both cell lines, making interpretation of radiosensitization difficult. Previous studies in many different human tumor cell lines have demonstrated excellent radiosensitization with noncytotoxic (IC 10 ) or moderately cytotoxic (IC 50 ) incubations with dFdCyd during one cell doubling time (5, 7, 8, 23, 24).
To perform a similar analysis in the CHO cells, we incubated each cell line with dFdCyd for 10 h or 20 h and constructed dose-response curves. After a 10 h exposure of AA8 cells to dFdCyd, the cells showed an increased sensitivity to dFdCyd compared to the irs1SF cells ( Fig. 2A and Table 3 ; IC 50 values of 55 6 4.3 nM and 100 6 8.8 nM for AA8 cells and irs1SF cells, respectively). However, when cells were incubated with dFdCyd for one doubling time, the irs1SF cells exhibited greater drug sensitivity than AA8 cells (Fig. 2B and Table 3 ; IC 50 values of 55 6 4.3 nM and 17 6 1.1 nM for AA8 and irs1SF cells, respectively).
Radiosensitization was then determined by incubating the AA8 and irs1SF cells with dFdCyd for one cell doubling time at the corresponding IC 10 and IC 50 (15 6 2.5 and 55 6 4.3 nM for AA8 cells, and 1 6 0.2 and 17 6 1.1 nM for irs1SF cells, respectively) prior to irradiation. Under these conditions, no radiosensitization was observed in either cell line (Table 3) . In a further attempt to evaluate radiosensitization under conditions of low cytotoxicity, we evaluated IC 10 and IC 50 for dFdCyd derived from the 4 h drug exposure (44 6 16.8 and 200 6 24 nM for AA8 cells and 20 6 10.2 and 146 6 36.5 nM for irs1SF cells, respectively) (Fig. 1) . These conditions also did not radiosensitize the CHO cells (Table 3) . Thus, of the conditions tested, radiosensitization was achieved only in the AA8 cells and only when they were incubated with dFdCyd at concentrations 0.5 lM.
Effect of dFdCyd on dFdCTP and dNTPs
Previously we demonstrated that, in human tumor cells, radiosensitization with dFdCyd correlates strongly with depletion of dATP and accumulation of cells in S phase, but not with accumulation of dFdCTP (5, 7). We evaluated these relationships in the CHO cell lines to determine 
Notes. AA8 cells and irs1SF cells were incubated with IC 10 or IC 50 dFdCyd, derived from a drug incubation time of either 4 h or equivalent to one doubling time (10 h and 20 h in AA8 and irs1SF cells, respectively), followed by irradiation. RERs and DERs were calculated as described in Materials and Methods, with correction for the effect of dFdCyd alone on cell survival.
whether the lack of radiosensitization in the irs1SF cells could be attributed to altered metabolic effects of dFdCyd. To inhibit ribonucleotide reductase or cause cytotoxicity through its incorporation into DNA, dFdCyd must be phosphorylated, therefore, we measured the predominant phosphorylated metabolite, dFdCTP. After incubation with 0.5 and 5 lM dFdCyd for 2 and 4 h, dFdCTP accumulated to similar levels in both AA8 and irs1SF cells (Fig. 3A) . These results are consistent with an earlier study that reported comparable dFdCTP levels in AA8 and irs1SF cells after a 4 h exposure to a single concentration of dFdCyd (5 lM) (15) . In the studies presented here, at nearly every condition measured dFdCTP was at least as high in the irs1SF cells as in the AA8 cells. Thus, insufficient activation of dFdCyd does not account for the lack of radiosensitization in the irs1SF cells.
Although similar levels of dFdCTP accumulated in AA8 and irs1SF cells, we considered the possibility that dFdCyd might have a greater effect on ribonucleotide reductase and hence dNTPs in the AA8 compared to the irs1SF cells, resulting in sufficient depletion of dATP in the AA8 but not irs1SF cells to mediate radiosensitization. Thus we evaluated the effect of dFdCyd on dNTPs in the CHO cells to determine whether dATP depletion was greater in AA8 than irs1SF cells. The results demonstrated that, in both AA8 and irs1SF cells, concentrations of dFdCyd that radiosensitized AA8 cells produced a .90% and .85% decrease in dATP within 2 h in the AA8 and irs1SF cell lines, respectively, and remained at or below those low levels 4 h after the addition of the drug (Fig. 3B and C) . This degree of dATP depletion produces excellent radiosensitization in human tumor cells (5, 7, 11). No significant changes occurred in other endogenous dNTPs in either cell line at these concentrations (data not shown). Thus, differences in dATP depletion cannot account for the lack of radiosensitization in the irs1SF cells under these conditions.
We then evaluated whether the lack of radiosensitization at lower dFdCyd concentrations observed in the AA8 and irs1SF cells (Table 3) could be explained by an insufficient depletion of dATP. Incubation with the 4 h IC 10 for dFdCyd resulted in modest depletion of dATP (50%) in both the AA8 (Fig. 4A) and irs1SF (Fig. 4B) cells. In contrast, .90% dATP depletion was observed with the 4 h IC 50 for dFdCyd in the AA8 and irs1SF cells, however these conditions also did not radiosensitize either cell line. Further analysis demonstrated that, in the AA8 cells, an incubation of 4 h IC 50 dFdCyd depleted dATP by .98% of control by 2 h, and thereafter was undetectable for at least 4 h (Fig.  4C ). Although this depletion is similar to that observed with 0.5 lM dFdCyd (Fig. 3B) and it mimics the extent and duration of dATP depletion that produces excellent radiosensitization in human tumor cells, no radiosensitization was observed with the 4 h IC 50 for dFdCyd in the AA8 cells. The irs1SF cells also achieved .98% dATP depletion with the 4 h IC 50 for dFdCyd, but they were slower than the AA8 cells to reach this degree of depletion (Fig. 4D) .
Next, dATP depletion was evaluated under nonradiosensitizing conditions using longer incubation periods (10 h) with the corresponding IC 10 and IC 50 for dFdCyd. These conditions produced ,70% decrease in dATP in AA8 cells at the conclusion of the incubations (Fig. 4E) . However, irs1SF cells showed .85% dATP depletion at the 10 h IC 10 and IC 50 (Fig. 4F) . Thus, under the conditions tested, there was no clear association between dATP depletion and radiosensitization.
Effect of dFdCyd on Cell Cycle
Radiosensitization with dFdCyd in human tumor cells is also associated with accumulation of cells in S phase after dFdCyd and prior to irradiation (5, 8). Incubation of AA8 cells with radiosensitizing concentrations of 0.5 or 5 lM dFdCyd for 4 h resulted in 27% increase in S phase relative to controls (Table 4) . Larger increases in S phase (69-100%) occurred with a 10 h incubation with IC 10 or IC 50 , although this did not result in radiosensitization. In the irs1SF cells, 0.5 or 5 lM dFdCyd for 4 h resulted in ;40% increase in S phase. For 10 h incubations, S-phase irs1SF cells increased to 70% with IC 10 but only to 47% with IC 50 dFdCyd. Thus, S-phase accumulation did not appear to be associated with radiosensitization in the CHO cells.
Effect of XRCC3 Suppression in AA8 Cells
The irs1SF cells were derived from the AA8 cells more than 25 years ago, thus it is possible that the irs1SF cells have acquired alterations in addition to XRCC3 deficiency that affects radiosensitization with dFdCyd. To directly evaluate the role of HR in radiosensitization in the CHO cells, we suppressed expression of XRCC3 in the AA8 cells to mimic the defect responsible for the HR deficiency in irs1SF cells. Suppression of XRCC3 with a lentivirusdelivered shRNA in the AA8 cells decreased XRCC3 expression by 46-91% from day 5-19 after transduction (Fig. 5A) . A nonspecific (NS) shRNA had a more modest effect on XRCC3 expression. XRCC3 suppression resulted in a marked slowing of cell growth, consistent with the slow growth of the XRCC3 deficient irs1SF cells. Cell growth returned to normal approximately one week after transduction while maintaining excellent XRCC3 suppression. Another XRCC3 shRNA produced higher suppression of XRCC3 but did not allow recovery of cell growth after transduction, thus it could not be used in the radiosensitization studies (data not shown).
To evaluate the effect of XRCC3 suppression on radiosensitization of AA8 cells with dFdCyd, cells were transduced with the lentivirus delivered shRNA for XRCC3 or the NS shRNA. Cell growth returned to normal after approximately one week, when suppression of XRCC3 was approximately 85-90% (Fig. 5A) . At that time cells were treated with either no drug, radiation alone or incubated for 4 h with 5 lM dFdCyd followed by irradiation. Treatment of the AA8 cells with the NS shRNA did not alter sensitivity to radiation (Fig. 5B) , as there was no significant difference in the D-bar values between control or NS shRNA treated cells (2.5 6 0.3 and 2.4 6 0.1, respectively; P ¼ 0.4) ( Table 2) . Although the XRCC3 shRNA appeared to enhance sensitivity to radiation (D-bar ¼ 1.8 6 0.3) compared to the NS shRNA, it did not reach statistical significance, nor did the SF2 values differ significantly. However, suppression of XRCC3 in AA8 cells with a subsequent 4 h incubation with 5 lM dFdCyd followed by irradiation resulted in a significant decrease in radiosensitization (RER ¼ 1.6 6 0.2) compared to nontransduced cells (RER ¼ 2.7 6 0.3; P ¼ 0.012), and a substantial decrease compared to NS shRNA-transduced (RER ¼ 2.5 6 0.4; P ¼ 0.056) cells (Fig. 5B) . The NS shRNA did not decrease radiosensitization with dFdCyd compared to the control cells (P ¼ 0.35). Thus, decreased expression of XRCC3 resulted in a significant decrease in radiosensitization with dFdCyd, directly validating a role for HR in radiosensitization with dFdCyd in CHO AA8 cells.
DISCUSSION
While dFdCyd treatment in combination with exposure to ionizing radiation has been used safely in a variety of solid malignancies including pancreatic cancer and in some tumors such as head and neck, its use is limited by toxicity (6). Greater understanding of the mechanism by which shRNA were treated with radiation alone or after a 4 h incubation with 5 lM dFdCyd as described in Materials and Methods. Survival was measured by a colony formation assay. XRCC3 suppressed AA8 cells were treated with radiation alone (n), IR þ NS shRNA (m), XRCC3 shRNA followed by irradiation (X), dFdCyd followed by irradiation (u), NS shRNA followed by dFdCyd followed by irradiation (n), or XRCC3 shRNA followed by dFdCyd followed by irradiation ( * ). Shown is a representative graph of XRCC3 suppression on radiosensitization with dFdCyd; the experiment was performed three times. Notes. CHO cells were incubated with dFdCyd for 4 or 10 h as indicated, then harvested and stained with propidium iodide. Cell cycle distribution was measured by flow cytometry analysis. dFdCyd produces radiosensitization may allow for the use of this drug and radiation combination therapy in a more selective manner. Metabolism studies in many different human tumor cell lines have demonstrated that radiosensitization with dFdCyd requires depletion of dATP by 80% for 4 h with accumulation of cells in S phase (6), as cells in this phase are most sensitive to the combination of dFdCyd and ionizing radiation (8). In addition, evaluation of DNA repair pathways has implicated a role for mismatch repair and HR. Human tumor cells deficient in mismatch repair exhibit enhanced radiosensitization with dFdCyd (25, 26) , due to their reduced ability to correct the nucleotide misincorporations that occur in DNA as a result of lowdATP levels (10, 23). Wachters et al. implicated HR in radiosensitization of CHO cells with dFdCyd at cytotoxic concentrations (15) . However, whether the underlying mechanistic features associated with dFdCyd radiosensitization in CHO cells were similar to those established in human tumor cells was not reported. Here we evaluated the mechanistic characteristics for radiosensitization with dFdCyd by means of the commonly used model of matched HR proficient and HR deficient CHO cells. Our results confirm the previous report that only the HR proficient AA8 cells were radiosensitized by dFdCyd. However, the parameters associated with radiosensitization in the AA8 cells were distinctly different from those in human tumor cells. Radiosensitization in the AA8 cells was achieved only with highly cytotoxic concentrations of dFdCyd independent of S-phase accumulation, and high dATP depletion did not correspond to radiosensitization. This contrasts with human tumor cells that can be well radiosensitized with noncytotoxic concentrations of dFdCyd, with dATP depletion and S-phase accumulation as predictors for radiosensitization. The results presented here suggest that there are significant differences in the mechanisms of radiosensitization with dFdCyd among the CHO and human tumor cells that must be considered when extrapolating results from CHO to human tumor cells.
Available CHO cell lines that are deficient in specific DNA repair pathways have been utilized by many investigators studying DNA damage and its repair. Studies of such cells demonstrated that deficiencies in NHEJ and base excision repair did not alter radiosensitization with dFdCyd (14, 15) . In contrast, HR deficiency prevented radiosensitization with cytotoxic concentrations of dFdCyd (15) . Our results confirm the latter report. To ensure that the effect on radiosensitization was due to the HR deficiency and not other unrelated alterations that may have accumulated in the two CHO cell lines after years in culture (27) , we also used lentivirus-delivered shRNA to suppress expression of the HR required protein XRCC3 in the AA8 cells. Suppression of XRCC3 resulted in an increased sensitivity to radiation alone as expected based on previously reported results in the irs1SF cells. Furthermore, suppression of XRCC3 resulted in a significant decrease in radiosensitization with 5 lM dFdCyd. These results directly demonstrate that HR is a necessary pathway to achieve radiosensitization with dFdCyd in the AA8 cells.
Gemcitabine is noted for its ability to produce radiosensitization at noncytotoxic concentrations in most human tumor cell lines in vitro and at sub-chemotherapeutic doses in vivo [reviewed in (6)]. However, in the CHO cells, radiosensitization was not achieved under noncytotoxic conditions. Despite a comprehensive analysis of many different drug concentrations and durations of incubation, dFdCyd at IC 50 did not produce radiosensitization in either the AA8 or irs1SF cells, even under conditions in which there was strong dATP depletion and accumulation of cells in S phase. In our experience, in the few instances in which dFdCyd did not radiosensitize human tumor cell lines at noncytotoxic concentrations, the cells either displayed an inability to accumulate in S phase after drug exposure, suggesting intact cell cycle checkpoints (9), or exhibited high expression of mismatch repair proteins (10, 25) which could correct errors of replication produced by the dNTP imbalance. As cell lines derived from normal tissue, CHO cells may have higher mismatch repair capability, compared to human tumor cells, which commonly exhibit deficiencies in mismatch repair proteins (28, 29) . Nevertheless, the AA8 cells did not require high accumulation of cells in S phase under radiosensitizing conditions, suggesting that replication of DNA during the time of dATP depletion is not required for radiosensitization with dFdCyd in this cell line.
To the best of our knowledge this is the first report of the effects of dFdCyd on all four dNTPs in CHO cells. Both the AA8 and irs1SF cells exhibited greater sensitivity to dFdCyd-mediated depletion of dATP compared to the other three endogenous dNTPs. A previous publication reported a 50% decrease in dCTP in CHO cells but only at an excessively high concentration of 100 lM (30) . The AA8 and irs1SF cells readily accumulated dFdCTP when incubated with dFdCyd at 0.5 or 5 lM, similar to previous reports (15, 31) , although at the nM concentrations of dFdCyd used here dFdCTP levels were below the level of detection (data not shown). Overall, the CHO cells exhibited dFdCyd-mediated effects on dNTPs similar to those in solid tumor cells, but different from CEM lymphoblastic leukemia cells in which decreases in dCTP and dTTP are more prominent (4, 5, 7).
CHO cells have been used to understand the mechanisms of radiosensitization with other antimetabolites, such as bromodeoxyuridine and hydroxyurea (15, 32, 33) . The majority of these studies have focused on the relationship between radiosensitization and cell cycle specific effects, production of DNA double-strand breaks and inhibition of their repair [reviewed in (34) ]. Although the ability to radiosensitize CHO cells with antimetabolites has generally corresponded to an ability to radiosensitize human tumor cells, specific differences between CHO and human tumor cells have been noted with respect to mechanism (35) . This may be due to differences in the rodent cells versus human cells, or reflect differences in nontumor-derived cells compared to tumor cells. Recently we have demonstrated that radiosensitization by dFdCyd and 5-fluorodeoxyuridine is mediated primarily through their effects on dNTP depletion (10, 36), an area that is relatively unexplored in most studies of antimetabolite radiosensitizers. The balance of dNTPs in the cell alters the fidelity of DNA replication and the number of errors in DNA, and these in turn can determine which DNA repair pathways may be involved in cytotoxicity and/or radiosensitization (37, 38) . Indeed, all of the known antimetabolite radiosensitizers alter dNTPs in the cell (6), albeit through different pathways, and thus exploration of the relationship between metabolic effects and radiosensitization as we have done here is warranted.
Our results validate a role for HR in radiosensitization with dFdCyd in CHO AA8 cells. In view of the further finding that the mechanism by which this radiosensitization occurs differs substantially in the CHO compared to human tumor cells, a similar role for HR in human tumor cells remains to be proven. This is important because, if a role for HR in radiosensitization with dFdCyd is established in human tumor cells, it would suggest that treatment with dFdCyd and concurrent radiotherapy would be most beneficial, and perhaps most selective, in patients with HR-overexpressing tumors.
